In the framework of one-pion-exchange (OPE) model, we study the hiddencharm and charm-strange molecular pentaquark systems composed of a heavy baryon (Σ c , Σ * c ) and a vector meson (K * ,D * ), where the S-D mixing effect is considered in our calculation. Our result shows that the Σ cD * molecular state with (I = 1/2, J P = 3/2 − ) and the Σ * cD * molecular state with (I = 1/2, J P = 5/2 − ) exist in the mass range of the observed P c (4380) and P c (4450), respectively. Moreover, we predict two other hidden-charm molecular pentaquarks with configurations Σ cD * (I = 3/2, J P = 1/2 − ) and Σ * cD * (I = 3/2, J P = 1/2 − ) and two charm-strange molecular pentaquarks P cs (3340) and P cs (3400) corresponding to the Σ cK * configuration with (I = 1/2, J P = 3/2 − ) and the Σ * cK * configuration with (I = 1/2, J P = 5/2 − ), respectively. Additionally, we also predict some hidden-bottom Σ
* molecular state with (I = 1/2, J P = 5/2 − ) exist in the mass range of the observed P c (4380) and P c (4450), respectively. Moreover, we predict two other hidden-charm molecular pentaquarks with configurations Σ cD * (I = 3/2, J P = 1/2 − ) and Σ * cD * (I = 3/2, J P = 1/2 − ) and two charm-strange molecular pentaquarks P cs (3340) and P cs (3400) corresponding to the Σ cK * configuration with (I = 1/2, J P = 3/2 − ) and the Σ
Introduction
One of the most important research topics of hadron physics is the search for the exotic states like the glueballs, hybrid mesons, and multiquark states. In the past decade, the experimental observations of many charmoniumlike states have inspired extensive study of exotic hadronic states (see the recent review in Ref. [1] ). Especially, the recent observation of P c (4380) and P c (4450) states by the LHCb Collaboration [2] in the Λ 0 b → K − J/ψp process has aroused the theorists' strong interest in the hidden-charm pentaquark states. The resonance parameters of the two P c states are [2] M Pc(4380) = 4380 ± 8 ± 29 MeV, Γ Pc(4380) = 205 ± 18 ± 86 MeV, M Pc(4450) = 4449.8 ± 1.7 ± 2.5 MeV, Γ Pc(4450) = 39 ± 5 ± 19 MeV.
The preferred spin-parity quantum numbers of of P c (4380) and P c (4450) are 3/2 ∓ and 5/2 ± , respectively. Before the observation of the two P c states, hidden-charm pentaquarks have been predicted in Refs. [3, 4, 5, 6, 7, 8, 9, 10] .
Until now, theoretical interpretations of P c (4380) and P c (4450) include the molecular pentaquark states [11, 12, 13, 14, 15, 16, 17, 18, 19] , the diquark-diquark-antiquark pentaquark [20, 21, 22, 23, 24, 25] , the diquarktriquark pentaquark [26, 27] , the re-scattering effect [28, 29, 30] , the topological soliton model [31] , etc. With the molecular pentaquark assignment, the mass of P c (4450) and P c (4380) can be understood quite naturally [11] . The tensor force mixes the S-D wave and plays a crucial role in the case of the deuteron. This S-D mixing effect was not included in Ref. [11] . In the present work, we consider the S-D mixing effect to reexamine the hiddencharm Σ c (2455)D * and Σ * c (2520)D * systems, which is an extension of Ref. [11] .
As shown in Fig. 1 , two P c (4380) and P c (4450) states are produced via Fig. 1 (a) . However, there exists another combination of quarks in the final state in Fig. 1 (b) , where the charm-strange pentaquarks (the P cs states) may also be produced. Compared with Fig. 1 (a) , Fig. 1 (b) is not suppressed, which stimulates our interest in the charm-strange molecular pentaquarks composed of either Σ cK * or Σ
The effective potential
In the following, we derive the OPE effective potentials of the hiddencharm Σ cD * and Σ * cD * molecular systems, and charmed-strange Σ cK * and Σ * cK * molecular systems.
Wave function
In this subsection, we construct the wave functions of the hidden-charm Σ cD * and Σ * cD * molecular systems and charmed-strange Σ cK * and Σ * cK * molecular systems. For a system composed of two colorless hadrons, its total wave function is expressed as
where |φ(r)/r , | 2S+1 L J and |I, I 3 denote the radial, spin-orbit and flavor wave functions, respectively. The radial wave function will be obtained via numerical calculation in Sec. 3. Since the S-D mixing is taken into account, the orbital quantum number L = 0 or L = 2. The spin S = 1/2 and 3/2 for the Σ cM * configuration, and S = 1/2, 3/2 and 5/2 for the Σ which was constructed by considering the heavy quark limit and chiral symmetry [32, 33, 34, 35, 36, 37] . Here, H (Q) a stands for a multiplet field composed of the pseudoscalar meson
. Its conjugate field satisfiesH
S µ is the superfield composed of Dirac spinor fields B 6 with J P = 1/2 + and B
Similar to the treatment in Ref. [38] , the pionic coupling constant in Eq. (5) is determined as g = 0.59 ± 0.07 ± 0.01 from the D * decay width. The coupling constant g 1 in Eq. (6) is fixed as g 1 = 0.94 [37] .
By gauging the Wess-Zumino term, the vector-vector-pseudoscalar coupling was [39, 40] ,
with N c = 3 and g 2 = 13.7.
We also need the normalization relations for the vector meson M * , baryon B 6 and B * µ 6 0|M * µ |Qq(1 − ) = µ MM * ,
Effective potential
In the OPE model, we first obtain the scattering amplitude in Fig. 2 .
The Feynman diagrams for the Σ cD * , Σ * cD * , Σ cK * and Σ * cK * systems in OPE model.
The effective potential can be related to the scattering amplitude with the Breit approximation. For example, the effective potential for the Σ cD * system in the momentum space is
where M i and M f are the masses of the initial and final states, respectively. M(Σ cD * → Σ cD * ) denotes the scattering amplitude for the Σ cD * → Σ cD * process by exchanging one pion meson in t-channel. The effective potential in the coordinate space V( r) is obtained by performing Fourier transformation to the momentum space effective potential V( q),
In the above expression, the monopole form factor F(q 2 , m 2 E ) is introduced at each interaction vertex to compensate the off-shell effect of the exchanged pion.
, where m E and q are the mass and four-momentum of the exchanged meson, respectively. Λ is the cutoff with the value around one to several GeV.
The general expressions of the subpotentials for the processes Σ cD
where
In the above expressions, S(r, x, y) = 3(r · x)(r · y) − x · y, and
To obtain the total effective potentials of the Σ cM * and Σ * cM * systems, the effective potentials in Eqs. (14)- (17) should be sandwiched between the flavor wave functions. Thus, the general total effective potential for different systems can be expressed as
where the isospin factor G = 1 for the isospin-1/2 system and G = −1/2 for the isospin-3/2 system. The angular momentum operators in Eqs. (14)- (17) will be replaced by a series of numerical matrixes collected in Table 1 . We need to specify that the S-D mixing effect is considered in our calculation, which makes the corresponding replacements in Eqs. (18)- (20) just indicated in Table 1 . 
Numerical results
With the obtained OPE effective potentials for the Σ cM * and Σ * cM * systems withM * = (D * ,K * ) listed in Section 2, we can find the possible bound solutions (the binding energy E, corresponding root-mean-square radius r RM S and radial wave function φ(r)) by solving the coupled-channel Schrödinger equation with the help of the FESSDE program [41, 42] . The corresponding kinetic terms include
with
where m 1 and m 2 are the reduced masses of the Σ cM * and Σ * cM * system, respectively.
3.1. P c (4380) and P c (4450) In Ref. [11] , the authors considered the S-wave contribution only and obtained the bound solutions for the systems Σ cD * with (I = 1/2, J P = 3/2 − ) and Σ * cD * with (I = 1/2, J P = 5/2 − ), which may correspond to P c (4380) and P c (4450), respectively. In this work, we include the S-D mixing and restudy these systems. The numerical results for the Σ cD * system with (I = 1/2, J P = 3/2 − ) and the Σ * cD * system with (I = 1/2, J P = 5/2 − ) are shown in Fig. 3 . For comparison, we also present the results with the S-wave contribution only in Fig. 3 .
We compare the total effective potentials with and without the S-D mixing effect in Fig. 3 (a) and (I). With the S-D mixing effect, the spatial wave functions for the Σ cD * system with (I = 1/2,
T . As shown in Fig. 3 (b) , the dash lines with different color stand for the spatial wave functions |φ4 S , which are abbreviated as φ S , φ D1 and φ D2 in Fig. 3 (b) . The probability for each component is |φ i | 2 dr/ i |φ i | 2 dr. The S-wave contribution is dominant and plays a major role in the formation of molecular pentaquarks.
We notice that the masses of P c (4380) and P c (4450) can be reproduced well under the Σ cD * with (I = 1/2, J P = 3/2 − ) and Σ * cD * with (I = 1/2, J P = 5/2 − ) molecular assignments, respectively (see Fig. 3 (a) and (I)). In Fig. 3 , the red solid curves stand for the obtained bound state solutions (effective potentials V [MeV] and radial wave functions φ(r) [fm −1/2 ]) if only considering the S-wave effect. In this case, Λ = 2.35 GeV and Λ = 1.77 GeV are taken for the Σ cD * and Σ * cD * systems, respectively. The dashed blue curves are the corresponding effective potentials and radial wave functions for the Σ cD * system with (I = 1/2, J P = 3/2 − ) and the Σ * cD * system with (I = 1/2, J P = 5/2 − ). Now, the cutoff Λ = 1.78 GeV and Λ = 1.54 GeV are taken for the Σ cD * system with (I = 1/2, J P = 3/2 − ) and the Σ * cD * system with (I = 1/2, J P = 5/2 − ), respectively, in order to reproduce the masses of P c (4380) and P c (4450). After comparing the results with and without the S-D mixing effect, we find that the cutoff values become smaller with the S-D mixing effect. In other words, the S-D mixing effect is indeed helpful to the formation of these bound states.
We also notice that there exists slight difference of the fitted Λ values for the Σ cD * and Σ * cD * , which are used to reproduce the central values of masses of P c (4380) and P c (4450). If considering the experimental errors for their mass measurement, the difference of the fitted Λ values for the Σ cD * and Σ * cD * becomes subtle. Under the S-wave hidden-charm molecular state assignment to P c (4380) and P c (4450), the parities of P c (4380) and P c (4450) are negative. However, the LHCb's measurement suggests that P c (4380) and P c (4450) have opposite parities [2] . Facing such situation, we need to clarify this point. Under the molecular state scheme, there may also exist the P-wave, D-wave or even higher orbital excitations if the binding energy of the lowest S-wave hadronic molecule reaches up to several tens of MeV. The P-wave state has an excitation energy around several to tens of MeV, which is slightly higher than that of the S-wave ground state. Considering this status, there exists the possibility that the S-wave and P-wave states may completely overlap with each other, i.e., two or more resonant signals around 4450 MeV may exist, where these two states are close to each other but may carry different parity. If the P-wave or higher excitation is very broad, such a state may easily be mistaken as the background.
While the observed P c (4380) corresponds to the discussed S-wave Σ cD * molecular state, the observed P c (4450) may be a P-wave excitation. There may also exist a very broad S-wave Σ * cD * molecular state around 4450 MeV which was discussed in the present work. This broad S-wave state around 4450 MeV cannot be distinguished from the background. The fact that the different assignment of the spin and parity of these two P c states yields roughly the same good fit [11] can be reasonably understood.
On the other hand, if the P-wave excitation lies several MeV within 4380 MeV and has a width as narrow as several MeV, it will be hard to identify this state since it may probably be buried by the broad P c (4380) resonance with 205 MeV width. Thus, we also suggest future experiment to collect a huge amount of experimental data to identify the nearly degenerate resonances with different parities and widths.
Other hidden-charm molecular pentaquarks
Besides P c (4380) and P c (4450), we further predict other possible hiddencharm Σ ( * ) cD * molecular pentaquarks and collect the corresponding results in Table 2 . Our numerical results are rather sensitive to the cutoff parameter Λ. In this work, we present the bound state solutions by scanning a Λ < 5 GeV range from the experience of the nuclear force [43, 44, 45, 46] . , respectively. The notations φ S , φ D1 , φ D2 and φ D3 in Fig. 3 (II) are the same as in Fig. 3 (b) .
If the cutoff is fixed as Λ = 1.78 GeV in order to reproduce the mass of P c (4380) under the Σ cD * (I = 1/2, J P = 3/2 − ) assignment, there exists a shallow Σ cD * (I = 3/2, J P = 1/2 − ) molecular state, which is marked as P c (4460) in Table 2 , where the obtained energy is E −5 MeV. For the Σ * cD * system, we find the bound state solution (E −10 MeV) for the Σ * cD * system with (I = 3/2, J P = 1/2 − ) with the cutoff Λ = 1.54 GeV which is adopted to reproduce the mass of P c (4450). This state is named as P c (4520).
With Λ = 1.78 GeV for the Σ cD * systems and Λ = 1.54 GeV for the Σ * cD * systems, we cannot find a bound state solution for the Σ cD * systems with (I, J P ) = (1/2, 1/2 − ) and (3/2, 3/2 − ), the Σ * cD * systems with (I, J P ) = (1/2, 1/2 − ), (1/2, 3/2 − ), (3/2, 3/2 − ) and (3/2, 5/2 − ). This observation is almost the same as in Ref. [11] where only the S-wave is taken into account .
In short summary, there exist at least two hidden-charm shallow molecular pentaquarks P c (4460) and P c (4520), which are the partners of P c (4380) and P c (4450). In Table 3 , we list these allowed decay modes of P c (4380), P c (4450), P c (4460) and P c (4520). Table 3 : The allowed decay channels for P c (4380), P c (4450), P c (4460) and P c (4520). Here, S and D stand for the S-wave and D-wave decay mode, respectively. And × indicates that this decay process is forbidden.
Decay channels ΣcD
* (1/2, 3/2 − ) ΣcD * (3/2, 1/2 − ) Σ * cD * (1/2, 5/2 − ) Σ * cD * (3/2, 1/2 − ) ΛcD D × D × ΛcD * S/D × D × ΣcD D × D × ηcN D × D × J/ψN S × D × ηc∆ D S D S J/ψ∆ S S D S
Charm-strange molecular pentaquarks
The numerical results of the Σ cK * and Σ * cK * systems with all possible quantum numbers are listed in Table 4 , where the cutoff is allowed to vary in the range Λ = 0.5 ∼ 5 GeV. There exist bound state solutions for the Σ cK * systems with (I = 1/2, J P = 1/2 − ) and (I = 3/2, J P = 1/2 − ), and the Σ * cK * systems with (I = 1/2,
− ) and (I = 3/2, J P = 3/2 − ). If we take Λ = 1.77 GeV for the Σ cK * systems and Λ =1.54 GeV for the Σ * cK * systems from the experience of P c (4380) and P c (4450), there only exist two charm-strange molecular pentaquarks P cs (3340) and P cs (3400) corresponding to the Σ cK * (I = 1/2, J P = 3/2 − ) molecular pentaquark with E bin = −3.88 MeV and the Σ * cK * (I = 1/2, J P = 5/2 − ) system with E bin = −6.94 MeV, respectively. We denote these two charm-strange molecular pentaquarks as P cs (3340) and P cs (3400), where the numbers 3340 MeV and 3400 MeV are their mass deduced from the relations m Σc + mK * + E bin and m Σ * c + mK * + E bin , respectively. In other words, we adopt their masses to name these two predicted charm-strange molecular pentaquarks. The possible decay channels of P cs (3340)(I = 1/2, J P = 3/2 − ) and P cs (3400)(I = 1/2, J P = 5/2 − ) are shown in Table 5 . As shown in Fig. 1 (b) , P cs (3340) and P cs (3400) can be produced via the Λ b →D 0 P 0 cs decay at LHCb. In the search of the charm-strange molecular pentaquarks P cs (3340) and P cs (3400), it is important to distinguish P cs (3340) and P cs (3400) from the excited P-wave charm-strange baryons Ξ c (1P, 2P ) etc. The charm-strange baryon Ξ c (3123) was observed by the BABAR Collaboration [47] . Its mass is around 220-280 MeV lower than P cs (3340) and P cs (3400).
In the relativistic quark-diquark picture, Ebert et al. predicted the masses Table 5 : The allowed decay channels of P cs (3340)(I = 1/2, J P = 3/2 − ) and P cs (3400)(I = 1/2, J P = 5/2 − ). The S, P , D and F denote the S-wave, P-wave, D-wave and F-wave decay modes respectively.
of the charm-strange baryons [48] . The mass of Ξ c (2P ) with the scalar diquark S= 0 and (I = 1/2, J P = 3/2 − ) is 3199 MeV. For the (I = 1/2, J P = 5/2 − ) Ξ c state with the vector diquark S= 1, the 1P and 2P masses are 2921 MeV and 3282 MeV for 2P state respectively. Fortunately, the above two charmed baryons predicted in Ref. [48] do not overlap with P cs (3340) and P cs (3400).
However, the mass of the (I = 1/2, J P = 5/2 − ) Ξ c (1F ) charm-strange baryon with S= 1 was predicted to be around 3.4 GeV [48] , which overlaps with the P cs (3400). In this case, the experimental identification of the P cs (3400) signal will be very challenging. The overpopulation of the the (I = 1/2, J P = 5/2 − ) charm-strange baryon around 3400 MeV may provide some hints. On the other hand, the 1F charm-strange baryon and P cs (3400) may have very different decay patterns because of their different internal structures. Further experimental and theoretical efforts will be helpful to search for the charm-strange molecular pentaquarks.
Hidden-bottom and B c -like molecular pentaquarks
In Ref. [49] , Wu and Zou once predicted the hidden-bottom pentaquark states. where they adopted the meson-baryon coupled channel unitary approach with the local hidden gauge formalism.
In the present work, we extend the obtained OPE effective potentials to study the hidden-bottom Σ c B * molecular pentaquarks. The reduced masses of the hidden-bottom and B c -like molecular systems are heavier than those of the hidden-charm molecular system. Hence the kinetic energies of the hidden-bottom and B c -like molecular pentaquark systems are significantly smaller than those of the hidden-charm molecular pentaquark system. Therefore, the hidden-bottom and B c -like molecular systems are bound more tightly than the hidden-charm molecular systems. We collect the bound state solutions of the hidden-bottom and B c -like molecular pentaquark systems in Table 6 .
For the Σ b B * , Σ c B * , Σ bD * and Σ cD * systems with the same (I, J P ) quantum number, the corresponding cutoff values satisfy the relation Λ Σ b B * < Λ ΣcB * < Λ Σ bD * < Λ ΣcD * if we require the same binding energy. Similarly,
, Σ * bD * and Σ * cD * systems with the same (I, J P ) quantum number and the same binding energy. In Table 7 , we list the allowed decay modes of these hidden-bottom and B c -like molecular pentaquarks.
We need to emphasize that several states with the same quantum numbers and very small binding energy appear (see Table 6 ). If assuming that these states would have a width similar to that of the two observed P c states so far experimentally, the mass gap between these bound states would be much smaller than their widths. Thus, it might be hard to identify them experimentally.
Summary
Inspired by the observation of P c (4380) and P c (4450) by LHCb [2] , we have investigated the possible molecular pentaquarks composed of a charmed baryon (Σ c , Σ * c ) and aD * meson in the framework of the OPE model, where the S-D mixing effect is included in our calculation. Our result indicates the Σ cD * molecular state with (I = 1/2, J P = 3/2 − ) and the Σ * cD * molecular state with (I = 1/2, J P = 5/2 − ) have the same mass range as that of the observed P c (4380) and P c (4450), respectively. We also predict their two partner states composed of the Σ cD * with (I = 3/2, J P = 1/2 − ) and Σ * cD * with (I = 3/2, J P = 1/2 − ). We extend the same formalism and predict the hidden-bottom/B c -like molecular pentaquarks and discuss their strong decay modes.
As a byproduct, we have also studied the charm-strange molecular pentaquarks composed of a charmed baryon (Σ c , Σ * c ) and aK * meson. We pre- (1/2, 5/2 − ) S Υ(1D)N dict two charmed-strange molecular pentaquarks P cs (3340) and P cs (3400), which have the configurations Σ cK * with (I = 1/2, J P = 3/2 − ) and Σ * cK * with (I = 1/2, J P = 5/2 − ), respectively. These states can be produced through the Λ b → P 0 csD 0 decay process in Fig. 1 (b) . The production rate is of the same order as that of P c (4380) and P c (4450). Hopefully these states can be searched for at LHCb.
In our calculation, we adopt the OPE model, where only one pion exchange is considered. In fact, for these discussed systems, the light vector meson (ρ and ω) exchanges are also allowed. Thus, in future work we can study these systems by one boson exchange (OBE) model by including all allowed light meson exchanges. We also notice the studies by the local hidden gauge approach [4] , where the vector light meson exchange is considered, which shows that the vector light meson exchange can provide an attraction. Thus, we can expect that the corresponding Λ value in the OBE model will become smaller than that in OPE model, which means that the light vector meson exchange is helpful to form these discussed molecular states.
